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Abstract 18 
 19 
This study evaluates the height of biomass burning smoke aerosols retrieved from a combined 20 
use of Visible Infrared Imaging Radiometer Suite (VIIRS), Ozone Mapping and Profiler Suite 21 
(OMPS), and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) observations. The 22 
retrieved heights are compared against spaceborne and ground-based lidar measurements during 23 
the peak biomass burning season (March and April) over Southeast Asia from 2013 to 2015. 24 
Based on the comparison against CALIOP, a quality assurance (QA) procedure is developed. It is 25 
found that 74% (81-84%) of the retrieved heights fall within 1 km of CALIOP observations for 26 
unfiltered (QA-filtered) data, with root-mean-square error (RMSE) of 1.1 km (0.8-1.0 km). 27 
Eliminating the requirement of CALIOP observations from the retrieval process significantly 28 
increases the temporal coverage with only a slight decrease in the retrieval accuracy; for best QA 29 
data, 64% of data fall within 1 km of CALIOP observations with RMSE of 1.1 km. When 30 
compared with Micro-Pulse Lidar Network (MPLNET) measurements deployed at Doi Ang 31 
Khang, Thailand, the retrieved heights show RMSE of 1.7 km (1.1 km) for unfiltered (QA-32 
filtered) data for the complete algorithm, and 0.9 km (0.8 km) for the simplified algorithm.  33 
 34 
Keywords: aerosol height, satellite, biomass burning, Southeast Asia, 7-SEAS 35 
36 
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INTRODUCTION 37 
 38 
Aerosol height has been recognized as an important parameter in the determination of the 39 
Earth’s energy budget. Through scattering and absorption of radiation, aerosols can modulate the 40 
radiation field, and thus heating rate, at different vertical levels of the atmosphere (Hansen et al., 41 
1997; Podgorny and Ramanathan, 2001). Aerosol-cloud interactions, crucial elements in climate 42 
forcing, are also dependent on aerosol altitude (Rosenfeld et al., 2014). Height information has 43 
implications for air quality issues, as it is a key parameter in deriving surface-level aerosol 44 
concentrations from more easily accessible total column aerosol optical depth (AOD) 45 
measurements from ground-based or spaceborne remote sensing instruments (van Donkelaar et 46 
al., 2006). In addition, an independent data set can contribute to providing chemistry transport 47 
models with injection height information for air quality predictions, and serve as an evaluation 48 
target for the model results (e.g. Kahn et al., 2007; Koffi et al., 2012). 49 
There has been increasing interest in the synergistic use of multiple satellite sensors to address 50 
aerosol-related scientific problems (e.g. Anderson et al., 2005; Jeong and Li, 2005; Kim et al., 51 
2007; Torres et al., 2013). The Aerosol Single-scattering albedo and Height Estimation (ASHE) 52 
algorithm (Jeong and Hsu, 2008; Lee et al., 2015) is one such effort, among others (e.g. Satheesh 53 
et al., 2009), to retrieve the height of UV-absorbing aerosols (e.g. smoke and dust) over broad 54 
areas. The algorithm takes advantage of Visible Infrared Imaging Radiometer Suite (VIIRS), 55 
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Ozone Mapping and Profiler Suite (OMPS), and Cloud-Aerosol Lidar with Orthogonal 56 
Polarization (CALIOP) observations to simultaneously retrieve a representative single-scattering 57 
albedo (SSA) and spatially resolved aerosol height over the entire VIIRS/OMPS granule. The 58 
Moderate Resolution Imaging Spectroradiometer (MODIS) and Ozone Monitoring Instrument 59 
(OMI) can be used in place of VIIRS and OMPS, respectively, as the sensor characteristics of 60 
MODIS/OMI are similar to VIIRS/OMPS. 61 
Other satellite sensors, notably the Multi-Angle Imaging SpectroRadiometer (MISR) and 62 
(Advanced) Along-Track Scanning Radiometers ((A)ATSR), can also provide aerosol heights 63 
using multi-angle imaging (i.e., parallax) (Nelson et al., 2013; Fisher et al., 2014). However, with 64 
the ability to retrieve data over a much broader spatial domain (thousands of kilometres in the 65 
case of MODIS and VIIRS) including aerosol layers far from the source region, ASHE retrievals 66 
can complement the existing data sets (Note the multi-angle approach is limited to aerosol plumes 67 
that have discernible features, i.e. typically close to their sources; Kahn et al., 2008).  68 
Our previous studies (Jeong and Hsu, 2008; Lee et al., 2015) showed promising results when 69 
retrieving heights for rather heavy smoke and dust cases; Jeong and Hsu (2008) reported the 70 
coefficient of determination of 0.86 between ASHE-retrieved and CALIOP-derived aerosol 71 
heights for retrievals for 10 MODIS granules over North America and Southeast Asia; Lee et al. 72 
(2015) reported root-mean-square errors (RMSEs) generally less than 1 km for single-layered 73 
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smoke and dust aerosol events. However, the evaluation was solely based on CALIOP data. 74 
Because the ASHE algorithm makes use of CALIOP aerosol heights to derive SSA along the 75 
CALIOP track, it was difficult to evaluate the performance of ASHE over parts of the granule far 76 
from the CALIOP track, where variability in the SSA (assumed constant across the 77 
MODIS/VIIRS granules) could lead to error in retrieved aerosol heights. In addition, the number 78 
of samples available was insufficient to develop a robust understanding of error characteristics, 79 
which hindered attempts to create a quality assurance (QA) procedure to help guide users to an 80 
appropriate subset of the data for scientific applications.  81 
Thus, this study aims to further evaluate the ASHE products (SSA and aerosol height) to better 82 
understand their error characteristics. We base the present study on data from the Seven 83 
Southeast Asian Studies/Biomass-burning Aerosols & Stratocumulus Environment: Lifecycles 84 
and Interactions Experiment (7-SEAS/BASELInE), which was conducted over Southeast Asia 85 
during spring season (March and April) from 2013 to 2015 (and onwards) (cf. Lin et al., 2013; 86 
Reid et al., 2013; Tsay et al., 2013). The frequent smoke aerosols over the study domain and 87 
abundant ground-based observations during this field campaign provided a testbed on which the 88 
ASHE products can thoroughly be examined over a longer period of time than previous studies.  89 
 90 
DATA 91 
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 92 
ASHE retrievals were performed over Southeast Asia (8°N-28°N, 90°E-110°E) during the 93 
peak biomass burning season (March and April) from 2013 to 2015. The retrieved heights of 94 
biomass burning smoke aerosols were compared against CALIOP and ground-based Micro Pulse 95 
Lidar Network (MPLNET; Welton et al., 2001) measurements deployed at Doi Ang Khang, 96 
Thailand as part of 7-SEAS/BASELInE. Aerosol Robotic Network (AERONET; Holben et al., 97 
1998) inversion data (Dubovik and King, 2000; Dubovik et al., 2006) were also used to evaluate 98 
the SSA retrievals at six locations where the smoke aerosols were frequently observed. Fig. 1 99 
shows the distribution of the ground-based instruments under the typical pathway of biomass 100 
burning smoke aerosols within the study domain (Tsay et al., 2013). Table 1 summarizes the site 101 
information.  102 
The MPLNET Micro Pulse Lidar (MPL) (Campbell et al., 2002), mounted on NASA’s 103 
Surface-sensing Measurements for Atmospheric Radiative Transfer (SMART) mobile facility 104 
(Tsay et al., 2013), utilizes a short pulse, eye-safe laser at 532 nm to provide vertical profiles of 105 
aerosol extinction and backscatter coefficients by using the laser signal that was backscattered by 106 
atmospheric constituents (air molecules, aerosols, and clouds). The columnar AOD measured by 107 
the collocated AERONET Sun/sky radiometer constrains the ill-posed lidar equation to derive the 108 
lidar ratio (extinction-to-backscatter ratio) and retrieve the extinction profile (Welton et al., 2000, 109 
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2002). For MPLNET and ASHE comparisons, we use the gridded level 1.5a aerosol total 110 
backscatter coefficient (TBC) profiles with a vertical resolution of 75 m and a temporal resolution 111 
of 20 min. The MPLNET aerosol height to be compared is determined as the aerosol top height 112 
after removing the integrated TBC of 0.024 km-1 sr-1 from the top portion of the profile, to avoid 113 
potential errors caused by thin elevated aerosol layers above the layer of interest (cf. Lee et al., 114 
2015).  115 
Comparison of spatially resolved satellite data with temporally resolved point measurements 116 
has conventionally been performed with spatial and temporal statistics for satellite and points 117 
measurements, respectively. This is to resolve the different sampling characteristics of the data 118 
sets and increase the number of data points, which is critical for statistical significance of the 119 
comparison. For aerosol studies, a spatial window of 25 km from the point measurement and a 120 
temporal window of 30 min from the satellite overpass time have widely been used (e.g. Ichoku 121 
et al., 2002). However, the coarse spatial resolution of the ASHE product (50 km × 50 km at 122 
nadir) did not allow us to use this spatial criterion since it would be difficult to get collocated 123 
samples between ASHE and MPLNET, particularly near the edge of the swath where the pixel 124 
size is enlarged. Ichoku et al. (2002) reported using MODIS data that mean AOD showed similar 125 
statistics for spatial windows ranging from 30 × 30 km to 90 × 90 km (which corresponds to 126 
spatial windows of approximately 15-45 km for the convention used here) over various locations. 127 
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Based on previous work and the fact that the spatial variability of ATH is generally lower than 128 
that of AOD (often factor of two or more lower in terms of relative standard deviation over the 129 
study area because of its dependence on large-scale dynamics such as boundary layer height), we 130 
used a relaxed spatial window of 50 km and temporal window of 30 min for comparison between 131 
ASHE and MPLNET heights. This almost doubled the number of data points as compared to the 132 
spatial window of 25 km, while improving the comparison statistics.  133 
For AERONET, the cloud-screened (but not quality-assured) Level 1.5 inversion product, 134 
which provides SSA at 440, 675, 870, and 1020 nm, were used, as the quality-assured Level 2.0 135 
product only provided a limited number of samples for comparison (the number of collocated 136 
Level 1.5 inversions within 3 h of ASHE were about a factor of three larger than that of Level 2.0, 137 
when the filters described below were applied). However, the data are used only if the 440 nm 138 
AOD is higher than 0.4, 440-870 nm AE higher than 1.5, and solar zenith angle (SZA) higher 139 
than 40o to reduce the level of uncertainty. We use a SZA threshold of 40° instead of Level 2.0’s 140 
50° because SZA was the main reason for the small number of collocations when Level 2.0 data 141 
was used. It is known that the AERONET-retrieved SSA has a retrieval uncertainty of 0.03 for 142 
440 nm AOD > 0.4 and SZA > 50° (Dubovik et al., 2000; Holben et al., 2006), which is expected 143 
to decrease with increasing AOD. Since the smoke events on which this study focuses generally 144 
show 440 nm AOD higher than 0.4, and the SSA error is dependent on the air mass (which is 145 
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related to both AOD and SZA) and range of scattering angles sampled, the uncertainty of SSA is 146 
expected to be similar or lower than 0.03 for some severe cases despite the relaxed SZA threshold. 147 
Note that given the aforementioned filters applied to the Level 1.5 data set and calibration just 148 
before the field experiment every year for most of AERONET instruments used, the difference of 149 
retrieval accuracy resulting from AERONET Sun photometer calibration uncertainty between the 150 
two data sets is expected to be small.  151 
Both temporal and spatial constraints were applied to the comparison of SSA between ASHE 152 
and AERONET. First, the AERONET data within 3 h of the VIIRS/OMPS overpass time were 153 
averaged at each site. Then the mean of these averaged SSA at AERONET sites located within 50 154 
km of smoke layers detected by ASHE (i.e., 550 nm AOD > 0.3 and UV aerosol index; UVAI > 155 
0.7) were calculated and used for comparison. 156 
 157 
ASHE ALGORITHM 158 
 159 
This section briefly describes the ASHE algorithm as applied to VIIRS, OMPS, and CALIOP 160 
observations; a more detailed description can be found in Jeong and Hsu (2008) and Lee et al. 161 
(2015). Note VIIRS/OMPS and CALIOP are aboard the Suomi National Polar-orbiting 162 
Partnership (S-NPP) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 163 
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(CALIPSO), respectively. In principle, the algorithm utilizes the sensitivity of UVAI to AOD, 164 
SSA, and height of UV-absorbing aerosols (cf. Hsu et al., 1999). As shown in the flowchart (Fig. 165 
2), the algorithm utilizes four kinds of aerosol products in its retrieval process: AOD and AE 166 
from VIIRS, UVAI from OMPS, and the TBC profile from CALIOP. After collocating the 167 
various aerosol products from each sensor, the algorithm detects UV-absorbing aerosols (smoke 168 
or dust) by a combined use of UVAI and Ångström exponent (AE). If the VIIRS/OMPS granule 169 
includes UV-absorbing aerosols, and CALIOP provides the height of these aerosols, the 170 
algorithm first retrieves SSA for each VIIRS/OMPS/CALIOP collocated pixel. This is done by 171 
using the sensitivity of UVAI to SSA given AOD and aerosol height provided by VIIRS and 172 
CALIOP, respectively. To extent the height retrieval away from the narrow CALIOP track, the 173 
median SSA is chosen to represent the entire smoke or dust layer in the VIIRS/OMPS granule, 174 
and used to retrieve aerosol height using the UVAI sensitivity to aerosol height given AOD and 175 
SSA. The algorithm can be applied without CALIOP observations if SSA is provided from other 176 
data sources, which will be referred to as ‘simplified’ algorithm as compared to the ‘complete’ 177 
algorithm. Note the smoke and dust pixels are processed separately using appropriate aerosol 178 
optical models.  179 
The retrieved height is considered as the aerosol top height (ATH) if the system is single-180 
layered, or as the radiatively-effective height in the case of multiple layers separated clearly from 181 
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one another. The SSA can be propagated from the UV to other wavelengths using the assumed 182 
aerosol model. Currently, the SSA is provided at 340, 378, 412, 445, 488, 555, and 672 nm 183 
(OMPS or VIIRS bands) for potential use as input for OMPS and/or VIIRS aerosol retrieval 184 
algorithms. In this application, we only assume smoke aerosol models since smoke (as opposed to 185 
dust) dominates during the spring season over the study domain (Lee et al., 2010). 186 
The VIIRS aerosol product is created using the VIIRS Deep Blue algorithm, which is based on 187 
the Collection 6 (C6) MODIS Deep Blue algorithm (Hsu et al., 2013; Sayer et al., 2013, 2014b), 188 
and optimized for the slightly different VIIRS sensor. The aerosol product provides daily global 189 
coverage at a spatial resolution of 6 km × 6 km at nadir with a swath of 3040 km.  190 
For UVAI, the 340-378 nm wavelength pair of OMPS measurements, which is not affected by 191 
ozone absorption, is used and provides data at a spatial resolution of 50 km × 50 km at nadir 192 
(Seftor et al., 2014). The VIIRS data are aggregated to match the OMPS resolution in the 193 
retrieval process, and the retrieved values are provided at the OMPS spatial resolution with a 194 
swath of 2800 km. 195 
The CALIOP aerosol height is determined from the aerosol TBC product at 5 km resolution 196 
using the same approach as used for MPLNET, except with a TBC threshold of 0.03 km-1 sr-1 to 197 
account for the difference in the vertical resolutions between the two instruments (60 m for 198 
CALIOP vs. and 75 m for MPLNET). Note the vertical resolution of the CALIOP’s aerosol 199 
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profile product changes to 180 m at an altitude of 20.2 km and higher, whereas the MPLNET’s 200 
does not change throughout the entire vertical range. The CALIOP-derived height in addition to 201 
TBC profile itself is used to determine the representative profile shape of the aerosol layer of 202 
interest, which is an input to the present algorithm (see Lee et al., 2015 for details), as well as 203 
used to evaluate the retrieval product.  204 
Fig. 3 shows an example of ASHE retrievals for a smoke event observed over the Indochina 205 
Peninsula on 29 March 2013, and comparisons of the retrieved ATH against CALIOP- and 206 
MPLNET-derived values and the retrieved SSA against AERONET inversion data. In this region, 207 
smoke aerosols originate from scattered burning sources as seen by the MODIS fire mask (Giglio 208 
et al., 2003), which makes their optical and microphysical properties complicated. Smoke 209 
properties can vary according to material burned, combustion type, and aging processes (e.g. 210 
Dubovik et al., 2002; Reid et al., 2005; Lee et al., 2010; Sayer et al., 2014a). For the test case, the 211 
smoke layer with AOD generally higher than 0.8 (not shown) resides at altitudes ranging from 2-212 
5 km (Fig. 3(b)). The ASHE ATH shows a high level of correspondence compared to the 213 
CALIOP observations, with a root-mean-square error (RMSE) of 0.5 km and mean bias (MB) of 214 
0.2 km (Fig. 3(c)). The comparison with MPLNET data at Doi Ang Khang (Fig. 3(d)) also 215 
reveals a remarkable consistency between the two independent data, mainly due to the high 216 
accuracy of the retrieved SSA (0.89 for ASHE vs. 0.90 for AERONET as shown in Fig. 3(e)). 217 
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 218 
SIMPLIFIED ALGORITHM 219 
 220 
As described above, the ASHE algorithm can be applied without CALIOP observations if the 221 
SSA is provided by other data sources. By eliminating the requirement of CALIOP observations, 222 
which limits the application of this algorithm to only those granules where CALIOP’s narrow 223 
track passes through the aerosol layer of interest, a significant increase in the spatiotemporal 224 
coverage can be achieved. Here, we focus on the use of climatological SSA data derived from the 225 
ASHE retrievals, although the climatology can be created using any data sources that provide 226 
SSA. The ASHE-derived one has an advantage in that it provides consistency with the aerosol 227 
models assumed in the algorithm.  228 
Fig. 4 shows frequency distributions of 440 nm (AERONET) or 445 nm (ASHE) SSA 229 
retrieved over the study domain for the six-month period (March and April, 2013-2015). For 230 
AERONET, daily mean SSA values from the six individual sites are included, which are 231 
calculated for 440 nm AOD > 0.4 and AE > 1.5 to represent smoke aerosols. Some differences 232 
are found between the two data sets; for instance, ASHE-retrieved values show narrower 233 
distribution and lower frequency in low SSA values (~0.85) than that of AERONET. However, 234 
the two data sets resemble each other as with both show mean and median SSA of 0.89 and a 235 
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standard deviation of 0.03 for ASHE and 0.033 for AERONET. The differences are due to the 236 
difference in the number of samples (59 for ASHE vs. 503 for AERONET), the fixed aerosol 237 
models used in retrieving SSA in the ASHE algorithm, and retrieval uncertainty. The theoretical 238 
uncertainty estimates reported in Lee et al. (2015) suggested that the SSA error of 0.03 239 
corresponded to positive ATH error of 50% when overestimated and negative error of 25% when 240 
underestimated for smoke aerosols with AOD of 1.0 and ATH of 5 km. Based on the histogram 241 
analysis, a fixed SSA of 0.89 is used in the simplified algorithm to be applied without CALIOP 242 
observations over the study domain. 243 
 244 
EVALUATION RESULTS 245 
 246 
Comparison to CALIOP and development of QA procedure 247 
Despite the caveats of using CALIOP data in evaluating the retrieved ATH (used as input for 248 
SSA retrievals and spatial proximity), CALIOP still remains an important source of validation 249 
data due to the large number of samples. Moreover, the variability in smoke properties along the 250 
CALIOP track resulting from the complex burning sources over Southeast Asia can represent the 251 
spatial variability of SSA within a VIIRS/OMPS granule to some extent (although the variability 252 
along the CALIOP track could be smaller than that over the VIIRS/OMPS granule). Here, the 253 
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retrieved ATH from the complete algorithm is compared to the CALIOP-derived values, and a 254 
QA procedure is developed based on the comparison results. 255 
Fig. 5 shows RMSE of ASHE-retrieved ATH as compared to the CALIOP-derived values as a 256 
function of thresholds for three different QA filters that can affect the retrieval accuracy. A 257 
nearest-neighbor approach is used for the comparison. A thorough analysis of the retrieval results 258 
reveals that the accuracy of ATH depends on various factors, including number of pixels 259 
discarded at the edge of the VIIRS/OMPS swath (removing effects of increased pixel size at high 260 
scan angles), number of collocations between VIIRS/OMPS and CALIOP for SSA retrievals, and 261 
spatial co-variability of UVAI and AOD (hereafter referred to as ‘edge-of-swath’, ‘number-of-262 
collocation’, and ‘spatial variability’ filters, respectively). The comparison results reveal that the 263 
RMSE of the unfiltered data is ~1.1 km, decreasing with stricter thresholds for the QA filters 264 
until the number of data points plays a significant role. Here, the thresholds are determined as the 265 
point where the decrease in RMSE slows down but at least 50% of data points are retained. 266 
However, in an operational setting, QA procedures usually incorporate visual inspection of a 267 
more extensive data record once generated, so these thresholds may change in the future 268 
(although the procedure will be based on the same philosophy).  269 
The increase in pixel size of OMPS with scan angle means more probable subpixel cloud 270 
contamination or scene heterogeneity in the pixels far from nadir than those near nadir. Cloud 271 
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contamination has detrimental effects on both SSA and ATH retrievals since it changes the UVAI, 272 
and the present algorithm assumes clear-sky for UVAI calculations. The effect on SSA (and ATH 273 
retrieved using a wrong assumption about SSA) is potentially more significant than the direct 274 
effect on ATH because SSA is the largest source of error, and the error can propagate over the 275 
entire granule. In addition, when the collocation between VIIRS/OMPS and CALIOP for SSA 276 
retrievals occurs at the edge of the VIIRS/OMPS swath, the temporal difference between the two 277 
satellites (S-NPP and CALIPSO) can be as large as 60 min (because the two satellites have the 278 
same daytime local equatorial crossing time of ~13:30, and the satellites are passing different 279 
time zones). The large temporal difference can cause the two satellites to observe inconsistent 280 
heights of fast-changing aerosol layers. As a result, the procedure to retrieve SSA is bypassed 281 
when the collocation is made in the three farthest VIIRS/OMPS pixels from nadir in both cross-282 
track directions.  283 
The number of collocations between VIIRS/OMPS and CALIOP can affect the retrieval 284 
accuracy of SSA. Although some of the error in the Deep Blue AOD are contextual (i.e. depend 285 
on geometry, AOD, and aerosol/surface type; Sayer et al., 2013), increasing the number of points 286 
should decrease the AOD error. Thus, theoretically, the retrieved SSA (retrieved by constraining 287 
AOD and aerosol height) should asymptotically approach a true value as the number of 288 
collocations increases, if the input aerosol profile from CALIOP and assumed aerosol model in 289 
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the retrieval process are accurate. As a result, a threshold of a minimum of 30 points is used for 290 
the number-of-collocation filter. 291 
While the aforementioned parameters affect the retrieval accuracy through SSA, some errors 292 
are associated with pixel-level uncertainties. As shown in Lee et al. (2015) the ATH uncertainty 293 
depends on cloud contamination and AOD. The spatial variability filter (defined as relative 294 
standard deviation of the ratio between UVAI and AOD over the consecutive 3 × 3 pixels) is a 295 
useful metric to determine whether the two error sources play significant roles. A threshold of 1.0 296 
is chosen for the spatial variability filter together with an AOD threshold of 0.5 for the final test. 297 
Note that data with the relative standard deviation lower than the threshold pass the QA test, 298 
while the other filters work the other way around.  299 
Fig. 6 shows scatterplots between CALIOP-derived and ASHE-retrieved ATHs for different 300 
QA filters and corresponding SSA (used for the ATH retrievals compared) comparisons between 301 
AERONET and ASHE. When comparing the scatterplots and comparison statistics of ATH and 302 
SSA between data with and without QA filters, it is found that the edge-of-swath filter effectively 303 
removes outliers in both ATH and SSA; the fraction of ASHE-retrieved ATH within 1 km of 304 
CALIOP values improves from 73% to 81% and the fraction of ASHE-retrieved SSA within 0.03 305 
of AERONET inversions increases from 63% to 73%. Including the number-of-collocation filter 306 
on top of the edge-of-swath filter further improves the retrieval accuracy, particularly for SSA 307 
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(fraction within 0.03 of AERONET inversions increases from 73% to 88%). The spatial 308 
variability and AOD filters further remove some of the outliers in the retrieved ATH, resulting in 309 
75% (97%) of data falling within 1 km (1.5 km) of CALIOP-derived values (not shown because 310 
the filters do not affect SSA retrieval accuracy). 311 
For the complete algorithm, data without any QA filters, that passed through the edge-of-swath 312 
filter, and that passed through all of the QA filters will be referred to as ‘unfiltered’, ‘all QA’, and 313 
‘best QA’ data, respectively. For the simplified algorithm, since it does not include the procedure 314 
to retrieve SSA (so that the edge-of-swath and number-of-collocation filters do not affect the 315 
retrieval process), data without any filters will be referred to as ‘all QA’ data, while the data 316 
which passes through the spatial variability and AOD filters will be ‘best QA’ data. 317 
Table 2 summarizes the comparison statistics between ASHE and CALIOP ATHs. Results for 318 
different algorithm types and QA filters are presented. For the complete algorithm, the ATH 319 
shows RMSE ranging from 0.8-1.1 km, decreasing with the level of QA as intended. In RMSE 320 
metric there is only a slight difference between unfiltered and QA-filtered data. However, the 321 
reduced number of data points (from 627 to 335 or 177) and increased fraction within 1 km (from 322 
74% to 81 or 84%) when applying the QA filters imply that the unfiltered data includes a large 323 
number of outliers, mainly due to the large uncertainty in the retrieved SSA and cloud 324 
contamination in the enlarged pixels near the edge of the swath (note that the difference between 325 
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unfiltered and QA-filtered data is whether using SSA retrieved at the edge of swath). The RMSEs 326 
of the QA-filtered data correspond to 30-40% uncertainty given a mean height of ~3 km, 327 
consistent with the theoretical uncertainty in Lee et al. (2015).  328 
The simplified algorithm shows slightly reduced performance in terms of RMSE, but has a 329 
larger number of data points than the complete algorithm. However, fairly large decreases are 330 
observed in the fractions within 1 km metric for both all QA and best QA data, which suggests 331 
that the simplified algorithm is more suitable for climatological studies rather than those 332 
requiring more accurate instantaneous information (such as air quality monitoring). 333 
Comparison to MPLNET data 334 
Fig. 7 shows time series of ASHE-retrieved best QA ATH and MPLNET-derived ATHs for 335 
March and April from 2013 to 2014. Time series of AOD and SSA are also shown to aid in the 336 
analysis of the error characteristics. The height of biomass burning smoke aerosols over the 337 
region is generally 2-5 km, with strong (~2 km) diurnal variability for certain days. The smoke 338 
layers are sometimes observed at higher altitudes, likely due to high radiant power of the fire 339 
and/or high boundary layer height.  340 
The bias in the retrieved ATH is a function of biases in AOD and SSA. Because UVAI 341 
increases with increasing ATH, increasing AOD, and decreasing SSA (cf. Hsu et al., 1999; 342 
Ginoux and Torres, 2003), for a given UVAI, high biases in AOD and SSA result in low bias and 343 
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high bias in ATH, respectively; the converse is true for low biases. The errors due to AOD and 344 
SSA sometimes cancel out, but a large bias can also arise when the biases in AOD and SSA are in 345 
opposite directions to each other, so that the resulting ATH errors combine. A strong 346 
underestimation observed on 2 March 2013 is found to be due to the strong negative bias in SSA. 347 
Although the low bias in AOD is expected to cancel some of the error caused from the low bias 348 
in SSA, the resulting ATH is still strongly biased low, because ATH is more sensitive to errors in 349 
SSA than AOD. The biases in ATH can be explained by errors in AOD and SSA in general. 350 
However, it is difficult to confine the source of error when other parameters play a significant 351 
role, such as aerosol model assumption in ASHE, SSA retrieval uncertainty in AERONET, etc. 352 
It is noteworthy that the simplified algorithm performs fairly well with a fixed SSA, even 353 
though the variability of SSA can be quite large (as seen by AERONET). The SSA at Doi Ang 354 
Khang tends to increase from March to April, possibly due to changes in atmospheric conditions 355 
such as relative humidity, and aging of the smoke aerosols. This implies that time- or atmospheric 356 
condition-dependent SSA parameterization in addition to the mean state could potentially 357 
improve the simplified algorithm, although it is beyond the scope of this study to include such 358 
effects in the algorithm.  359 
Table 3 summarizes the comparison statistics against MPLNET data. The statistics generally 360 
show tendency similar to the one seen for comparisons against CALIOP, i.e., increasing 361 
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performance with the level of QA (except for the best QA data from complete algorithm due to 362 
the limited number of samples). However, in this case the simplified algorithm shows slightly 363 
better performance than the complete algorithm in terms of RMSE. The opposite was true for the 364 
comparison against CALIOP. For the complete algorithm, the fraction of QA-filtered data within 365 
1 km of MPLNET’s decreases as compared to the case against CALIOP (81-84% for CALIOP vs. 366 
71-77% for MPLNET), whereas it increases (61-64% for CALIOP vs. 70-75% for MPLNET) for 367 
the simplified algorithm. Accordingly, RMSE increases from 0.8-1.0 km (CALIOP) to 1.1 km 368 
(MPLNET) for the complete algorithm, and decreases from 1.1-1.2 km (CALIOP) to 0.8-0.9 km 369 
(MPLNET) for the simplified algorithm. Although the poorer performance of the complete 370 
algorithm than the simplified one when comparing to MPLNET is likely due to a sampling issue 371 
(only 13 data points for all QA data, and 7 for best QA data), the assumption of uniform SSA is 372 
thought to affect the retrieval accuracy to some extent. Note Student’s t-test did not show a 373 
significant difference in error distributions between the complete and simplified algorithm at a 374 
95% confidence level.  375 
 376 
SUMMARY AND CONCLUSIONS 377 
 378 
This study assessed the ASHE algorithm in retrieving the height of biomass burning smoke 379 
aerosols by comparing to spaceborne and ground-based lidar measurements during the peak 380 
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burning season over Southeast Asia. We determined that the performance of the algorithm 381 
depends on uncertainty in the retrieved SSA, representation of the SSA within a granule, and 382 
pixel-level uncertainties in AOD and UVAI. In particular, the SSA retrieved along the edge of the 383 
VIIRS/OMPS swath showed large uncertainty and limited the performance of the algorithm. 384 
When compared with CALIOP data, the retrieved height showed uncertainty of 30-40% 385 
depending on algorithm type (complete vs. simplified) and validation target (CALIOP vs. 386 
MPLNET), given a mean smoke height of ~3 km over the study domain. The complete algorithm 387 
generally showed better performance than the simplified algorithm as it uses retrieved SSA and 388 
CALIOP-derived profile shape in its processing stream while assumed values are used for the 389 
simplified algorithm. However, when compared with MPLNET data, the opposite was observed, 390 
suggesting that a longer-term evaluation is required to better understand the error characteristics 391 
at locations far from where the SSA is retrieved.  392 
As the requirement for CALIOP observations is the largest limitation in achieving more 393 
complete global coverage, efforts will be made to create a global SSA map of UV-absorbing 394 
aerosols. The similar frequency distributions of SSA between ASHE and AERONET suggest 395 
possible use of the AERONET-derived SSA climatology, in particular over land, which is much 396 
easier to achieve than using ASHE given the computational expense required for the global 397 
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processing of ASHE. The simplified algorithm will provide users with more options for their 398 
respective science questions, depending on requirements on accuracy vs. frequency of data.  399 
Although improved since its development, the algorithm still has room for further 400 
enhancement. First of all, the aerosol layer for which the SSA is retrieved can be separated from 401 
the others within a granule, such that the algorithm can be only applied to the aerosol layer of 402 
interest. Because a poor assumption about SSA is the largest potential source of error, the 403 
procedure would improve the quality of ATH further, at the cost of reduced spatial coverage. In 404 
addition, a more complete suite of aerosol models as functions of size distributions and absorbing 405 
AE is required to further reduce errors resulting from aerosol model assumptions. The VIIRS-406 
retrieved size information, such as AE and fine-mode AOD fraction, can help to constrain the 407 
size information, in particular over ocean where size information is more reliable than over land. 408 
Meanwhile, the spectral absorption characteristics can be constrained by climatological data 409 
derived from AERONET (e.g. Sayer et al., 2014a) or other sources.  410 
With the current and planned new missions carrying spaceborne lidars, such as the Cloud-411 
Aerosol Transport System (CATS), Earth Clouds, Aerosols and Radiation Explorer (EarthCARE), 412 
and Aerosol-Cloud-Ecosystems (ACE), the synergistic use of multiple satellite sensors will be 413 
refined further to provide more complete information about aerosol height over the globe.  414 
 415 
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Table Captions 552 
Table 1. Ground-based instruments used in comparisons with ASHE-retrieved SSA (AERONET) 553 
and aerosol heights (MPLNET). Only data in March and April are used during the data period 554 
shown.  555 
Table 2. Comparison statistics of ASHE-retrieved aerosol heights against CALIOP-derived 556 
heights. The number of data points (N), mean CALIOP/ASHE heights, fraction of data within 1 557 
km, root-mean-square error (RMSE), and mean bias (MB) are shown for different algorithm 558 
types and QA filters.  559 
Table 3. As table 2 except comparison statistics against MPLNET-derived aerosol heights. 560 
561 
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Table 1. Ground-based instruments used in comparisons with ASHE-retrieved SSA (AERONET) 562 
and aerosol heights (MPLNET). Only data in March and April are used during the data period 563 
shown.  564 
Instrument Site name Location 
(latitude, longitude, elevation) 
Data period 
AERONET Chiang Mai Met Station 18.77°N, 98.97°E, 312 m 2013.03.01-2015.04.30 
Doi Ang Khang  19.93°N, 99.05°E, 1536 m 2013.03.01-2015.04.13 
Luang Namtha 20.93°N, 101.42°E, 557 m 2013.03.01-2014.04.11 
Maeson 19.83°N, 99.17°E, 502 m 2014.03.02-2014.04.22 
Omkoi 17.80°N, 98.43°E, 1120 m 2014.03.02-2015.04.19 
MPLNET Doi Ang Khang 19.93°N, 99.05°E, 1536 m 2013.03.02-2014.04.18 
 565 
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Table 2. Comparison statistics of ASHE-retrieved aerosol heights against CALIOP-derived 567 
heights. The number of data points (N), mean CALIOP/ASHE heights, fraction of data within 1 568 
km, root-mean-square error (RMSE), and mean bias (MB) are shown for different algorithm 569 
types and QA filters.  570 
Algorithm 
type 
QA filter N Mean 
CALIOP
Mean 
ASHE 
% within 
1 km 
RMSE MB 
Complete 
algorithm 
Unfiltered 627 3.0 km 2.9 km 74% 1.1 km -0.1 km 
All QA 335 2.9 km 2.9 km 81% 1.0 km 0.0 km 
Best QA 177 3.0 km 2.8 km 84% 0.8 km -0.2 km 
Simplified 
algorithm 
All QA 342 2.9 km 3.0 km 61% 1.2 km 0.0 km 
Best QA 205 3.1 km 2.8 km 64% 1.1 km -0.3 km 
 571 
572 
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Table 3. As table 2 except comparison statistics against MPLNET-derived aerosol heights. 573 
Algorithm 
type 
QA filter N Mean 
MPLNET
Mean 
ASHE 
% within 
1km 
RMSE MB 
Complete 
algorithm 
Unfiltered 17 3.5 km 4.1 km 71% 1.7 km 0.5 km 
All QA 13 3.5 km 3.5 km 77% 1.1 km 0.1 km 
Best QA 7 3.7 km 3.6 km 71% 1.1 km -0.1 km 
Simplified 
algorithm 
All QA 30 3.6 km 3.7 km 70% 0.9 km 0.0 km 
Best QA 16 3.8 km 3.6 km 75% 0.8 km -0.2 km 
 574 
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Figure Captions 576 
Fig. 1. Study domain and site locations of ground-based instruments. Green diamonds are 577 
AERONET-only sites (from west to east: Omkoi, Chiang Mai Met Station, Maeson, Luang 578 
Namtha, and Son La). The red star indicates Doi Ang Khang, which had both AERONET and 579 
MPLNET instruments.  580 
Fig. 2. Flowchart of the ASHE algorithm.  581 
Fig. 3. Application of the ASHE algorithm to a smoke event observed on 29 March 2013. Shown 582 
are (a) VIIRS RGB image with MODIS/Aqua fire mask in red dots and the location of Doi Ang 583 
Khang marked with a yellow star, (b) ASHE-retrieved ATH, comparisons of (c) the retrieved 584 
ATH against CALIOP-derived and (d) MPLNET-derived values, and (e) the retrieved SSA 585 
against AERONET inversion data. The black lines crossing from south to north in Figs. 1(a)-1(b) 586 
are the CALIOP track. 587 
Fig. 4. Frequency distributions of SSA from ASHE (red) and AERONET (blue) over the study 588 
domain in March and April from 2013 to 2015. The mean (or median) SSAs are 0.89 for both 589 
data sets, standard deviations 0.030 and 0.033, and the number of data points 59 and 503 for 590 
ASHE and AERONET, respectively. 591 
Fig. 5. RMSE of the ASHE-retrieved ATHs as compared to CALIOP-derived values, and number 592 
of data points remaining as a function of thresholds for three different QA filters that can affect 593 
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the retrieval accuracy: (a) number of pixels discarded at the edge of the VIIRS/OMPS swath in 594 
both cross-track directions, (b) number of collocations between VIIRS/OMPS and CALIOP for 595 
SSA retrievals, and (c) relative standard deviation (RSD) of the ratio between UVAI and AOD 596 
over the consecutive 3 × 3 pixels. Dashed lines show thresholds chosen for the QA filters. 597 
Fig. 6. Scatterplots between CALIOP-derived and ASHE-retrieved ATHs (upper) and 598 
corresponding SSA comparisons between AERONET and ASHE (lower) for data without QA 599 
filters (left), with the edge-of-swath filter (middle), and with the number-of-collocation filter in 600 
addition to the edge-of-swath filter (right). The dashed and dotted lines show ±1.0 km and ±1.5 601 
km interval for ATH and ±0.03 and ±0.05 for SSA, respectively. The interval for AERONET 602 
SSA shows standard deviation of the mean SSAs derived from the six AERONET sites used. The 603 
number of data points (N), MB, RMSE, and fraction of data falling within expected error (%EE) 604 
are shown. For %EE, values in parentheses indicate ±1 km and ±0.03 for ATH and SSA 605 
respectively; values not in parentheses indicate ±1.5 km and ±0.05 respectively.  606 
Fig. 7. Time series of ASHE-retrieved and MPLNET-derived ATHs (top), VIIRS-retrieved and 607 
AERONET-observed AODs (middle), and ASHE- and AERONET-retrieved SSAs (bottom) from 608 
the complete algorithm (left) and simplified algorithm (right). Only best QA data are shown. The 609 
MPLNET and AERONET data are presented only if there are ASHE-retrieved ATH data, while 610 
ACCEPTED MANUSCRIPT 
37 
 
the gray dots represent the full MPLNET/AERONET data records. The black vertical line 611 
separates data for 2013 and 2014.  612 
613 
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 614 
Fig. 1. Study domain and site locations of ground-based instruments. Green diamonds are 615 
AERONET-only sites (from west to east: Omkoi, Chiang Mai Met Station, Maeson, Luang 616 
Namtha, and Son La). The red star indicates Doi Ang Khang, which had both AERONET and 617 
MPLNET instruments.  618 
619 
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 620 
Fig. 2. Flowchart of the ASHE algorithm.  621 
622 
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 623 
Fig. 3. Application of the ASHE algorithm to a smoke event observed on 29 March 2013. Shown 624 
are (a) VIIRS RGB image with MODIS/Aqua fire mask in red dots and the location of Doi Ang 625 
Khang marked with a yellow star, (b) ASHE-retrieved ATH, comparisons of (c) the retrieved 626 
ATH against CALIOP-derived and (d) MPLNET-derived values, and (e) the retrieved SSA 627 
against AERONET inversion data. The black lines crossing from south to north in Figs. 1(a)-1(b) 628 
are the CALIOP track. 629 
630 
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 631 
Fig. 4. Frequency distributions of SSA from ASHE (red) and AERONET (blue) over the study 632 
domain in March and April from 2013 to 2015. The mean (or median) SSAs are 0.89 for both 633 
data sets, standard deviations 0.030 and 0.033, and the number of data points 59 and 503 for 634 
ASHE and AERONET, respectively. 635 
636 
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 637 
Fig. 5. RMSE of the ASHE-retrieved ATHs as compared to CALIOP-derived values, and number 638 
of data points remaining as a function of thresholds for three different QA filters that can affect 639 
the retrieval accuracy: (a) number of pixels discarded at the edge of the VIIRS/OMPS swath in 640 
both cross-track directions, (b) number of collocations between VIIRS/OMPS and CALIOP for 641 
SSA retrievals, and (c) relative standard deviation (RSD) of the ratio between UVAI and AOD 642 
over the consecutive 3 × 3 pixels. Dashed lines show thresholds chosen for the QA filters. 643 
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 645 
Fig. 6. Scatterplots between CALIOP-derived and ASHE-retrieved ATHs (upper) and 646 
corresponding SSA comparisons between AERONET and ASHE (lower) for data without QA 647 
filters (left), with the edge-of-swath filter (middle), and with the number-of-collocation filter in 648 
addition to the edge-of-swath filter (right). The dashed and dotted lines show ±1.0 km and ±1.5 649 
km interval for ATH and ±0.03 and ±0.05 for SSA, respectively. The interval for AERONET 650 
SSA shows standard deviation of the mean SSAs derived from the six AERONET sites used. The 651 
number of data points (N), MB, RMSE, and fraction of data falling within expected error (%EE) 652 
are shown. For %EE, values in parentheses indicate ±1 km and ±0.03 for ATH and SSA 653 
respectively; values not in parentheses indicate ±1.5 km and ±0.05 respectively.  654 
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 656 
Fig. 7. Time series of ASHE-retrieved and MPLNET-derived ATHs (top), VIIRS-retrieved and 657 
AERONET-observed AODs (middle), and ASHE- and AERONET-retrieved SSAs (bottom) from 658 
the complete algorithm (left) and simplified algorithm (right). Only best QA data are shown. The 659 
MPLNET and AERONET data are presented only if there are ASHE-retrieved ATH data, while 660 
the gray dots represent the full MPLNET/AERONET data records. The black vertical line 661 
separates data for 2013 and 2014.  662 
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